Abstract: Acute erythroleukemia (AEL) is a rare disease typically associated with a poor prognosis. The median survival ranges between 3-9 months from initial diagnosis. Hypomethylating agents (HMAs) have been shown to prolong survival in patients with myelodysplastic syndromes (MDS) and AML, but there is limited data of their efficacy in AEL. We collected data from 210 AEL patients treated at 28 international sites. Overall survival (OS) and PFS were estimated using the Kaplan-Meier method and the log-rank test was used for subgroup comparisons. Survival between treatment groups was compared using the Cox proportional hazards regression model. Eighty-eight patients were treated with HMAs, 44 front line, and 122 with intensive chemotherapy (ICT). ICT led to a higher overall response rate (complete or partial) compared to first-line HMA (72% vs. 46.2%, respectively; p ≤ 0.001), but similar progression-free survival (8.0 vs. 9.4 months; p = 0.342). Overall survival was similar for ICT vs. HMAs (10.5 vs. 13.7 months; p = 0.564), but patients with high-risk cytogenetics treated with HMA first-line lived longer (7.5 for ICT vs. 13.3 months; p = 0.039). Our results support the therapeutic value of HMA in AEL.
Introduction
Acute erythroleukemia (AEL) is a rare subtype of acute myeloid leukemia (AML), accounting for 3-5% of all AML cases [1] . It is characterized by an expanded erythroid component with a variable, but increased, percentage of blasts [1] . Although recognized as a distinct entity by most classification systems, the diagnostic criteria have changed from system to system, which has been subject to discussion [2] [3] [4] [5] . The recently-published WHO 2016 classification [6] advocates the use of blast percentage on the total cell population rather than that of the non-erythroid component. This reclassifies almost all cases of AEL into myelodysplasia (MDS) or AML subtypes [7, 8] .
Typical laboratory features include pancytopenia, few peripheral blood blasts, the presence of dysplasia in BM and peripheral blood, especially with dysplastic PAS-positive erythroblasts overexpression of the multidrug resistance (MDR) gene product P-glycoprotein, frequent occurrence of high-risk karyotypes, and a high frequency of mutations, especially of TP53 [2, [9] [10] [11] [12] [13] [14] . In addition, AEL is frequently secondary to previous myelodysplastic syndrome (MDS) [15] . Consequently, it is associated with a poor prognosis, with a median overall survival (OS) of 3-14 months from diagnosis [1, 2, 10, 14] . The only recurring molecular alteration reported has been translocation t(1;16) generating the fusion gene NFIA/CBFA2T3 [16] . Furthermore, a high proerythroblast/myeloblast ratio correlates with significant increases in cytogenetic aberrations, proliferation markers, and worse outcomes [1, [17] [18] [19] , although this is not consensual [10, 14] . In fact, several authors believe that the association of AEL with adverse prognostic factors imparts the adverse prognosis, rather than the diagnosis of AEL itself [14, 20] .
Due to the rarity of the disease (2-5% of all leukemias), few publications focus on this entity alone, with single cases or case series predominating [9, 10, 15, 21] and patients with AEL are usually treated similarly to patients with other types of AML [1, 3] . When treated with intensive chemotherapy (ICT), the median OS of AEL patients range between 7.6 and nine months [14, 22] . The poor results achieved with ICT in AEL are likely due to the adverse prognostic factors described above.
Hypomethylating agents (HMAs; azacitidine and decitabine) have become the first-line therapy of choice for patients with MDS [23, 24] , CMML [25] [26] [27] , and AML [28] [29] [30] [31] [32] [33] [34] [35] [36] who are not candidates for, or decline, intensive chemotherapy (ICT) and/or allo-SCT. HMAs have demonstrated improved outcomes for patients with AML when compared to conventional care regimens, including ICT, low-dose cytarabine, or best supportive care (BSC) [28] [29] [30] 37, 38] . Despite some limitations, several studies indicate that the OS of older AML patients treated with HMAs may not be inferior to those treated with ICT [28, 29, [39] [40] [41] [42] [43] [44] .
The few existing studies of HMA in AEL report favourable response rates and survival times [21, [45] [46] [47] [48] . Larger patient series or randomized clinical trials are lacking. In this international effort, we report on the largest cohort of AEL patients in whom we describe baseline characteristics, overall response rates (ORR), and OS in those treated with HMAs or ICT. In an exploratory analysis, we also compare the treatment outcomes of patients receiving first-line HMA line with those treated with ICT.
Results

Total Acute Erythroleukemia (AEL) Cohort (n = 217)
The overall sample comprised 210 patients with AEL. Of these, 88 (41%) received treatment with HMA in the first or subsequent lines of therapy (82 were treated with azacitidine, six with decitabine) and 122 (56%) received ICT alone. Median age at diagnosis was 69 years (range: 28-88) for the HMA group, and 60 years (range: 20-86) for the ICT group. Poor cytogenetic risk was found in 51% of the HMA and 43% of the ICT groups. Baseline patient characteristics according to treatment group and line of therapy are detailed in Table 1 . In the whole AEL cohort, 135 deaths were documented, 79 (59%) due to disease progression, 21 (15%) due to infection, 12 (9%) due to other causes, and in 23 cases (17%) the cause of death was unknown. The median follow-up of all patients was 7.7 (range, 0.2-148.5) months. One patient from the ICT group and four patients from the HMA group were not evaluable for PFS or OS (data regarding time to treatment start and/or death were missing) and, thus, were excluded from the survival analysis. For the total treated cohort (first-line HMA, second-line or later HMA, ICT), the median PFS was 7.1 (range: 6.3-9.4) months, the median OS was 11.1 (range: 9.8-14.3) months and the one-year survival rate was 49% (range: 42-57%) (Tables S1 and S2).
AEL Treated with HMA (n = 88)
In the cohort treated with HMAs, 41 patients (47%) received HMA as a front-line treatment, 45 as a second-line or later treatment, and two patients were excluded from the analysis as no data were provided regarding the treatment line of HMA. Prior disease-modifying treatments in patients receiving HMA as a second-line or later therapy included allo-SCT (5/45), ICT (40/45), low-dose cytarabine (5/45), and/or IMiDs (immunomodulatory agents, e.g., Lenalidomide) (4/45); four patients received concomitant growth factors, one patient received growth factors without prior disease-modifying treatment. The median time from initial diagnosis to treatment was 0.72 (range, 0.03-18.43) months in patients treated with first-line HMA, and 7.6 (range, 0.07-85.27) months in the group receiving HMA as a second-line or later treatment (n = 45). In patients treated with HMA, the median number of cycles in patients for whom data were available (n = 72) was five (range, 1-37); those treated with first-line HMA received a median of seven cycles (range, 1-37), and those treated in the second-line received a median of three cycles (range, . Those treated with azacitidine (n = 82) were treated with 28 day cycles: 35% received the schedule 5-2-2 (75 mg/m 2 days 1-5, rest days 6-7, administer days 8-9), 32% received the schedule 1-7 (75 mg/m 2 days 1-7), 26% received the schedule 1-5 (100 mg/m 2 days 1-5), and 7% received other schedules. Those treated with decitabine (n = 6) received 15 mg/m 2 for three days every six weeks. At the time of data assessment, 66 patients (76%) had died, of which seven died of subsequent allo-SCT complications. Twenty-two patients (24%) were alive; of these, nine had stopped treatment with HMA, nine were still on treatment with HMA (eight with azacitidine and one with decitabine), and four patients were alive at follow-up, but it was unknown whether they were still receiving HMA or not. The main reason for treatment discontinuation was disease progression (n = 39, 62%). Other reasons included infection/toxicity (n = 8, 12%), death (n = 8, 12%), allo-SCT (n = 5, 8%), and others (n = 4, 6%). Causes for death were similarly distributed between HMA and ICT treatment groups (Table S3) . Response data for patients treated with HMA were available for 75 patients. Among these, best overall response rate (ORR) according to the ELN criteria (complete, CR, or partial, PR) of patients treated with HMA was 40%; when including hematological improvement (HI), ORR rose to 59%; 27% had CR, 13% had PR, and 19% had HI; 35% of patients who were initially dependent on red blood cell transfusion achieved transfusion independence, and 29% of patients who were initially platelet transfusion dependent achieved transfusion independence (Table 2) . Of those with an abnormal karyotype at the start of treatment, 11 (21%) of 51 HMA patients reached cytogenetic remission and 40 (53%) of 75 ICT-treated patients achieved cytogenetic remission. The median time to first response was 2.6 months (range, 0.6-27.4) and the median time to best response was 3.9 months (range, 0.66-38.3), respectively.
After a median follow-up of 12.3 (range, 0.03-35.2) and 4.8 (range, 0.0-68.8) months for patients treated with first-line HMA and second line or later HMA treatment, respectively, the median (range) PFS was longer for those treated with HMA in first-line treatment compared to second-line or later (9.4 (range 4.2-14.5) vs. 3.4 (2.0-6.3) months, respectively; Table 1 ). The median OS (range) was also longer for those treated with first-line HMA compared to second-line or later (13.7 (12.3-20.5) vs. 9.8 (4.6-13.5), respectively; Table S2 ).
The median OS for AEL patients treated with HMA (all treatment lines) was superior for patients with intermediate-compared to high-risk cytogenetics (13.5 vs. 12.3 months; p = 0.0376) ( Figure 1A ). AEL patients treated with first-line HMA with intermediate-risk cytogenetics had a median OS of 29.3, whereas those with high-risk cytogenetics had a median OS of 13.3 months (Table 3) .
Ten (11.3%) patients had an allogeneic bone marrow transplant following treatment with HMA. The median OS in this subgroup was 9.66 months (range, 2.8-25).
In univariate analysis, response to HMA had a significant impact on OS ( Figure 1B ). The median survival in patients with CR was 18.2 months, 12.7 months in patients with PR or HI, and 4.5 months in patients with no response (stable disease, SD, or primary progressive disease, PD; p < 0.001). Response data for patients treated with HMA were available for 75 patients. Among these, best overall response rate (ORR) according to the ELN criteria (complete, CR, or partial, PR) of patients treated with HMA was 40%; when including hematological improvement (HI), ORR rose to 59%; 27% had CR, 13% had PR, and 19% had HI; 35% of patients who were initially dependent on red blood cell transfusion achieved transfusion independence, and 29% of patients who were initially platelet transfusion dependent achieved transfusion independence (Table 2) . Of those with an abnormal karyotype at the start of treatment, 11 (21%) of 51 HMA patients reached cytogenetic remission and 40 (53%) of 75 ICT-treated patients achieved cytogenetic remission. The median time to first response was 2.6 months (range, 0.6-27.4) and the median time to best response was 3.9 months (range, 0.66-38.3), respectively.
In univariate analysis, response to HMA had a significant impact on OS ( Figure 1B ). The median survival in patients with CR was 18.2 months, 12.7 months in patients with PR or HI, and 4.5 months in patients with no response (stable disease, SD, or primary progressive disease, PD; p < 0.001).
(A) 
AEL Treated with ICT (n = 122)
In the group of 122 patients receiving front-line ICT treatment, response data were available for 119 patients. The most frequently used (n = 81; 66%) induction regimen was Daunorubicin (45 or 60 
In the group of 122 patients receiving front-line ICT treatment, response data were available for 119 patients. The most frequently used (n = 81; 66%) induction regimen was Daunorubicin (45 or 60 mg/m 2 × 3 days) with Cytarabine (100 mg/m 2 bid × 7 days). Similar 3 + 7 regimens using Idarubicin 12 mg/m 2 or Mitoxantrone 12 mg/m 2 for three days, instead of Daunorubicin, were used in 25 (20%) and eight (7%) patients, respectively. Information regarding induction regimen was not available in eight (7%) patients.
ORR according to the ELN criteria was 72%; CR in 79 patients was 66%; PR in seven patients was 6%; SD in 16 patients was 13%; PPD in 17 patients was 14% (see Table 2 ). Data on HI was not assessed in this subgroup of patients, as this response form is considered irrelevant for AML-patients treated with ICT.
At the time of data assessment, 84 patients (69%) had died, and 37 (31%) were alive. The main cause of death was disease progression (65%) ( Table S3) .
Median follow-up was 7.8 (range, 0.03-148.5) months for patients treated with ICT. Median PFS was 8.0 months (range, 6.8-14.5) for AEL-patients treated with ICT (Table S1 ). Median OS for patients treated with ICT was 10.5 (range, 9.1-20.0) months (Table S2) . Median OS for AEL-patients treated with ICT was not significantly superior for patients with intermediate-vs. high-risk cytogenetics (16.9 vs. 7.5 months; p = 0.277) ( Table 3) . For AEL-patients treated with ICT, the median OS of intermediate-vs. high-risk cytogenetics was 29.3 vs. 13.3 months, p = 0.0.039 (Table 3) . In univariate analysis, the response to ICT had a significant impact on overall survival. The median OS in patients with CR was 23.17 months, as compared to 4.07 months in patients with PR, and 5.63 months in patients with no response (SD or primary PD; p < 0.001).
Twenty-three (18.8%) patients had an allogeneic bone marrow transplant following treatment with ICT. Median OS in this subgroup was 5.9 months (range, 2.0-17.9).
Comparison of AEL Treated with ICT vs. HMA
There were no significant differences in baseline characteristics (Table 1) or causes of death in the HMA vs. ICT group (Table 3) .
AEL-patients treated with ICT had a higher rate of CR (66% vs. 30.8%; p < 0.001), and ORR according to the ELN criteria (CR + PR) (72% vs. 46.2%, p = 0.016) compared to patients treated with first-line HMA, respectively. Notably, there were significantly more progressions in the ICT group compared to the HMA group (14.3% vs. 7.7%, p = 0.004) and more disease stability in the HMA group (28.2% vs. 13.4%, p = 0.001).
Despite this higher response rate, there was no significant difference in median PFS (8.0 vs. 9.4 months; p = 0.342) or 1-year PFS rates (42% vs. 41%; p = 0.896) (Table S2 ). In multivariate analyses controlling for cytogenetic risk group and age, treatment with ICT was not superior to treatment with first-line HMA in prolonging PFS (p = 0.6907) ( Table 4) . Comparing AEL-patients treated with ICT vs. first-line HMA, no significant differences in 1-year survival rates (47% vs. 66%; p = 0.072) or median OS times could be detected (10.5 vs. 13.7 months; p = 0.564), respectively, though absolute numbers favored HMAs (Figure 2A) . When stratified by the cytogenetic risk group, there was no significant difference in the median survival of AEL-patients with intermediate cytogenetic risk treated with ICT vs. first-line HMA (16.9 vs. 29.3 months; p = 0.277; Figure 2B ). However, a shorter survival was detected for AEL-patients with high risk cytogenetics treated with ICT, as compared to those treated with first-line HMA (7.5 vs. 13.3 months; p = 0.039; Figure 2C ). In multivariate analysis, controlling for age and cytogenetic risk, treatment with ICT was not superior to treatment with first-line HMA in prolonging OS (p = 0.2489), whereas both the MRC cytogenetic risk group (p < 0.0001) and age per additional year (p = 0.0032) did (Table 4) .
Discussion
No prospective clinical trial has been conducted exclusively in patients with AEL. Little is known about the responses to specific drugs in AEL. Case reports and small series indicate possible efficacy of azacitidine [21, 45, 49] , interferon-α [50] , and even high dose erythropoietin combined with granulocyte colony-stimulating factor [51] . Comparing AEL-patients treated with ICT vs. first-line HMA, no significant differences in 1-year survival rates (47% vs. 66%; p = 0.072) or median OS times could be detected (10.5 vs. 13.7 months; p = 0.564), respectively, though absolute numbers favored HMAs (Figure 2A) . When stratified by the cytogenetic risk group, there was no significant difference in the median survival of AEL-patients with intermediate cytogenetic risk treated with ICT vs. first-line HMA (16.9 vs. 29.3 months; p = 0.277; Figure 2B ). However, a shorter survival was detected for AEL-patients with high risk cytogenetics treated with ICT, as compared to those treated with first-line HMA (7.5 vs. 13.3 months; p = 0.039; Figure 2C ). In multivariate analysis, controlling for age and cytogenetic risk, treatment with ICT was not superior to treatment with first-line HMA in prolonging OS (p = 0.2489), whereas both the MRC cytogenetic risk group (p < 0.0001) and age per additional year (p = 0.0032) did (Table 4) .
No prospective clinical trial has been conducted exclusively in patients with AEL. Little is known about the responses to specific drugs in AEL. Case reports and small series indicate possible efficacy of azacitidine [21, 45, 49] , interferon-α [50] , and even high dose erythropoietin combined with granulocyte colony-stimulating factor [51] .
It was demonstrated several decades ago that HMA can induce erythroid differentiation and increase the synthesis of hemoglobin in both murine and human erythroleukemia cell lines in vitro [52] [53] [54] . In addition, the HMA decitabine was shown to induce down-regulation of the multidrug resistance (MDR) gene phospho-glycoprotein in a human erythroleukemia cell line, which coincided with modulation of response to cytostatic drugs [55, 56] .
We report here the largest series to date of patients with AEL treated with HMA. The overall response rate of 46% in the front-line setting, with a CR rate of 30% and an additional HI rate of 18%, in our cohort are encouraging and similar to those reported in other smaller studies [21, 46, 49] . Our study reinforces that, when treating AEL with HMA, any type of response, including hematological improvement, is beneficial. The observation that, despite a significantly lower ORR rate than ICT, PFS similarly suggests that the significantly higher SD rate also has an impact on survival. This highlights the importance of maintaining treatment in all patients who do not progress, even in the absence of marrow responses.
It is also noteworthy that initial responses were seen after a median of 79 days, but the best responses were documented after a median of 120 days, confirming that responses improve with continued treatment and reinforcing the importance of not interrupting treatment too early due to a lack of response.
When compared to AEL patients who were treated with ICT alone, those treated with HMA in as a first-line had similar progression-free and overall survival. This is significant considering the more advanced age of the HMA group. Older patients tolerate intensive chemotherapy poorly. In addition, aggressive treatment options are associated with long hospital admissions and poor quality of life, which may not be justified in an elderly patient group with a disease that is unlikely to be cured. HMA are administered in an outpatient setting and associated with reduced hospital admissions. Given the lack of a curative option for most patients and similar survival, the toxicity profile of HMA makes this option more attractive [57] . In addition, our data shows that adverse karyotype patients have better outcomes when treated with HMA compared to ICT. This suggests that HMA may be the preferred treatment option for older individuals with a poor prognosis karyotype, as is often seen in AEL.
Nevertheless, it is important to note that HMAs do not preclude the option of a bone marrow transplant. The therapeutic goal in younger patients with a donor should be to cure the disease and allo-SCT is the only option. Reduced intensity conditioning regimens have opened the option of allo-SCT to more elderly and frail patients but the toxicities associated with conventional intensive AML induction chemotherapy can increase the risk of death or compromise allo-SCT. It has been shown that Azacitidine before SCT does not significantly affect rates of remission, relapse, acute and chronic GVHD, and survival after transplant, and may actually be an alternative for inducing remission in patients with higher risk MDS [58] , and eventually AEL [10] . Despite only 10 patients treated with HMA in our cohort having a subsequent SCT, their median survival is encouraging.
Our series analyses patients with AEL but we now know that there is great genetic heterogeneity in myeloid disorders, with a large variety of mutations having been described which have differing impacts on the natural history of the disease. Very recent analyses of the mutational profiles have significantly increased our understanding and prognostication of acute leukemias [59, 60] . Future studies in this regard are needed in order to identify those patients with AEL who are most likely to respond to HMA.
Methods
Patient Population
Patient data were collected retrospectively and pooled from registries or patient files from 28 different Institutions representing eight different countries (Austria, France, Germany, Italy, Netherlands, Portugal, Spain, and USA). All subjects gave their informed consent for inclusion before they participated in the study. The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Medical Ethics Committee of each individual centre. AEL diagnosis by WHO 2008 criteria was the only entry criterion and this was confirmed by local diagnostic laboratories. MRC cytogenetic risk stratification was applied to all patients.
Patients were included in the HMA group if they had received HMA at any stage of their treatment, whether first, or subsequent, lines. Patients in the ICT group must have been treated with ICT in first-line and never received HMA. Patients diagnosed between March 1998 and November 2014 were included. Treatment choice was made by the treating physician according to personal practice and local protocols. Seven AEL patients treated only with supportive care were proposed for the study, but their outcomes were not included in the analysis.
Definition of Endpoints
Response was defined according to European Leukemia Network (ELN) criteria for AML, and included complete remission (CR) and partial remission (PR) [61] . In addition, hematologic improvement (HI) was assessed according to the modified International Working Group (IWG) criteria 2006 [62] . OS was defined as time from start of treatment with HMA (either first-or second-line or later) or ICT to death from any cause, or last follow-up. Patients who underwent allogeneic stem cell transplantation (allo-SCT) after treatment with HMA or after ICT were censored at the date of allo-SCT. Progression-free survival (PFS) was defined as the time from the start of treatment until disease relapse/progression, or death from any cause.
Statistics
Descriptive statistics were used to describe the baseline patient characteristics. OS and PFS were estimated using the Kaplan-Meier method and the log-rank test was used for subgroup comparisons. The comparison of baseline features between the subgroups HMA and ICT was performed using the Pearson's χ-squared test for categorical baseline variables and the Wilcoxon rank sum test for quantitative variables. In the exploratory analysis to evaluate the impact of treatment (HMA first-line vs. ICT) on OS and PFS we used the Cox proportional hazards regression model. Adjusted hazard ratios were calculated controlling for the potential confounding factors age and cytogenetic risk group. The likelihood ratio test was used to test the interaction between treatment and cytogenetic risk groups. All tests were two-tailed and p-values less than 0.05 were considered to be statistically significant. No adjustment was made for multiple comparisons. All analyses were performed using R [63] .
Conclusions
Our data reinforces the utility of HMA in patients with acute erythroleukamia, especially those with poorest prognosis. Future studies in this regard are needed in order to identify those patients with AEL who are most likely to respond to HMA.
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